Abstract. It is generally considered that the speed of underwater glider is the function of buoyancy and gliding angle. However, the buoyancy and gliding angle are adjustable, which makes the speed of underwater glider within an adjustable range, however, it is usually taken as a constant in current documentations. Considering the path planning in ocean currents, if the maximum speed of a glider can find a path that connects the start point and the target point, then it can decrease its consumption by adjusting its speed in current field of some regions to fit the favorable currents and overcome the influence of adverse currents. Based on the above facts, the paper presents a new path planning method of adjustable speed glider in currents, and the simulation result is shown. According to the result: compared with the path planning method in constant speed, the adjustable speed glider can utilize the current in a better way and save the consumption of energy in a further way.
Introduction
Underwater gliders are a class of Autonomous Underwater Vehicles (AUVs) that are buoyancy-driven, deploying with lower operating cost and long duration in the ocean deployments. They go especially well with marine observation and have been used extensively in oceanography of late [1] [2] [3] . Their speeds are typically lower than motor-driven AUVs, reaching a maximum speed of around 1knot.Due to the low surge speed, they are susceptible to ocean currents. Path planning of AUVs have been discussed in many literatures. At the beginning, the only consideration was the obstacles in ocean environment without currents [4] [5] [6] .Till 2005,Garau et al. [7] transformed obstacles of A* graph search algorithm into unreachable grid points in ocean currents, then the path planning in currents field had been widely researched. Based on [7] ,the author of [8] built RapidlyExploring Random Trees(RRTs) that connect the start point and the target point, then utilized A* algorithm to search a path with lower energy consumption, but the energy-consuming model they used was extremely simplified. Constraining the vehicle to move in an 8-connected grid also means that optimality is compromised in the graph discretisation alone, a continuous technique is desirable. Continuous planning techniques have been explored for both AUVs and gliders alike in [8] [10] [11] and [12] .Without the constraining of 8-connective,the problem had been considered further in [9] and [13] . The gliding motion control of underwater gliders can be described by considering a typical diving and surfacing cycle, but we can only control the glider at the surfacing cycle for the unavailable underwater communication. Meanwhile, in a typical cycle, compared with diving ,the time of surfacing can be neglected. Based on the above mentioned facts, authors of [9] and [13] proposed methods to determine optimal paths that account for the influence from ocean currents .
In the above literatures, speeds of AUVs are considered to be constant generally. For a underwater glider, once the structure is fixed, the water-referenced speed of underwater glider is the function of buoyancy and gliding angle [14] [15] [16] ,and we can adjust the water-referenced speed in a certain range by controlling the drivenbuoyancy or pitching angle. Compared with vehicle of constant speed, the vehicle of adjustable speed can utilize currents far more efficient.
Based on a high efficiency path planning searching algorithm in ocean currents field, this paper describes and evaluates a new algorithm for glider path planning, which contains a precise energy consumption model. Once the path exists, the proposed scheme would choose the most appropriate speed of glider automatically to fit the currents, which actualized by a iterative optimization process, and it can save energy consumption further.
The Description of Current Field of Adjustable Speed Glider Path Planning
The information of ocean currents can usually be obtained from marine environment numerical prediction. And it can assume that local currents remain unchanged over a period of time. Once given the start point and the target point, if the maximum speed of glider can find a path that connects the start point and the target point, the optimization of energy consumption of the glider can be considered further. Assuming that the glider moving to a certain domain, if currents of the area are beneficial for the glider to drive to its target, the speed of glider can be considered to decrease to save the energy consumption. On the contrary, if the currents are unfavorable, glider is supposed to increase speed properly to overcome the influence of the currents. In that case, it can across the unfavorable region as soon as possible. Assuming a domain D , global currents of the environment c V , setting a start point 1 p and a target point p N , the glider begin to perform its deployment from the start point.
According to reference [17] , the water-referenced speed of gliders has the following description in horizontal direction The goal of the path planning is to find a path with least energy consumption from the start point to the target point. The path of the glider is consist of gliding cycles one by one, but it can only be controlled when raising to the surface. Owing to this, there is no guarantee that the glider can arrive the target point precisely, so we set a target domain with center p N . When the glider surfacing at a point located in the target domain, we regard the glider as to approach the target point. Therefore, all the way- ( , 1) ,
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Therefore, the total energy consumption of a complete gliding cycle is
The problem of glider path planning in the current environment can be described as below: 
Path Planner Introduction
There exist plenty of constant speed AUVs path planning algorithms in ocean currents. The method CTS-A* is a variant of the classic A* where the time between two consecutive surfacings is kept constant. This method discretizes the bearings that can be commanded on each surface. Since it is a high efficiency path planning method for underwater gliders, this paper adopt this method and improve it slightly. A glider energy consumption model and a novel heuristic function are integrated in CTS-A*,and then iterative optimization process is implemented. Ultimately, we gain a minimum energy consumption path. CTS-A* includes a notable modification to the original A* algorithm. The main difference between the two is the process of generating successors: 1)For the glider at node p i ,the water-referenced speed is gliderC v ,which is kept constant. We select K sample bearings in 0~360  to represent all bearings .While we neglect the vertical currents, the time of a gliding cycle can be calculated as 2 tan
For each bearing k θ we integrate the glider trajectory for the surfacing time s t .i.e. we compute the trajectory followed by a glider that keeps a bearing k θ under the influence of instantaneous ocean currents, which is described in(3).
2) The final location 1 p i + of each trajectory is stored in the Nearest Neighbor node, which is shown is Fig.1 . The Nearest Neighbor nodes are regarded as the generating successors in CTS-A*, rather than node 1 p i + .
3) If two locations fall into the same node, we take the one with lower cost. If both have the same cost, we take the closest to the node. For classic A* and variants of the classic A*, choosing a appropriate heuristic function may cause a significant influence of the algorithm efficiency. It is generally believed that if the cost of heuristic function is less than the real cost, then the optimal solution can be got. Corresponding with the energy consumption mode, we can divide the cost of heuristic function into two parts, one part of which is associated with time, and the other part has no relationship with time. The time in the first part should be minimized. Since the time is the product of distance and the reciprocal of resultant speed, we should maximize the resultant speed and minimize the distance from current node to the goal. The distance from p i to p N can be described as below: While the resultant speed should be maximized, considering the constant glider speed, we choose the maximum current speed in the domain as the estimated current speed, then add their absolute value together as the resultant speed. In that case, the time p t can be expressed as follows:
When considering the term that has no association with time, we found that the number of gliding cycles is the only factor that should be taken into account. In calm water, the horizontal distance is fixed with 2 2 tan
,so the minimum number of total cycles is tan 2 2
,in which, the symbol • ⎡ ⎤ ⎢ ⎥ means ceiling. Adding the two energy consumption terms ,it is obviously that the heuristic function can be written as below:
Substituting (7) and (12)to (13), we obtain the energy consumption heuristic function as
This paper uses CTS-A* with heuristic function (14) as the basic search algorithm, then repeat the iteration with different water-referenced speeds, to realize the further energy consumption optimization between the two adjacent way-points. The final goal is to make sure the less consumption globally compared with the constant velocity situation. In section 2, we obtain the range of glider speed ,and the total energy consumption of P is the sum of each segment.
From above mentioned, apparently, the inequation 1 E E ≤ could be satisfied.
Simulation and Analysis
With hydrodynamic parameters testing, the hydrodynamic parameters of glider model it the part 2 can be listed as follows: Fig. 3 . shows the iterative algorithm to get the path to the specific control scheme. Fig. 3 . The specific control scheme currents Analyzing of simulation results can be found that within a given speed range, using variable iteration scheme, we get a path of energy consumption is only 81.3% of the energy consumption under constant speed, saving nearly 20% of the energy consumption, and time consuming only spent 2.63% more than constant speed situation. We can conclude that using the proposed iterative scheme can obtain a better energy consumption path, and from the point of view of time, it is still acceptable.
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Conclusion and Future Works
This paper presents a novel CTS-A* based iterative path planning algorithm to address underwater gliders with variable speeds, which avoids the deficiency of constant speed path planning. It can maximize the usage of the favorable currents, while overcome the adverse currents as well. Once a path obtained under the maximum speed, the proposed scheme can be implemented. A accurate energy consumption model and a novel heuristic function are included in the path planner, which make the path planning problem far more close to the real situation. From the simulation of hyperbolic currents field, it can be easily found that our novel variable speed scheme can get a path with lesser energy cost compared with constant speed scheme, while the increasing of time is not obvious, and the control law was demonstrated as well, which illustrates the scheme can be actualized not so hard. In future work we will generalize the scheme into three-dimensional current field and time-varying current field.
